Neonatal T cell-B cell collaboration was investigated utilizing a system of T cell-dependent polyclonal B cell activation and Ig secretion. In this system, T cells activated by immobilized anti-CD3 provide a potent stimulus for Ig production by adult lymphocytes. By contrast, anti-CD3 stimulation of cord blood lymphocytes generated minimal numbers of Ig-secreting cells. Ig production by neonatal lymphocytes was enhanced by the addition of Staphylococcus aureus or secreted factors from mitogen-stimulated adult T cells. Supplementation with IL-2 resulted in the production of large amounts of IgM and small amounts of IgG and IgA, with less Ig produced than by comparable cultures of adult lymphocytes. Neonatal T cells proliferated and produced IL-2 in response to immobilized anti-CD3, and supported B cell proliferation and Ig secretion by adult B cells, although not as effectively as adult T cells. Supernatants from activated neonatal T cells were markedly limited in their capacity to support Ig production by adult B cells. Neonatal B cells could be induced to differentiate in response to anti-CD3-stimulated adult T cells. However, the amounts of IgG and IgA secreted were small compared to adult levels. These studies indicate a relative, but not absolute, functional deficiency of both neonatal B and T cells. (J. Clin. Invest. 1991. 87:545-553.) 
Introduction
Neonates are deficient in the ability to generate humoral immune responses (1) . Part ofthis deficiency may relate to lack of previous exposure to exogenous antigen. However, the inability to respond to antigens, such as bacterial capsular polysaccharides, even after repeated exposure suggests that the deficient immune responses of neonates may be the result of immaturity of some elements of the immune system at birth (1) (2) (3) . Delineation ofthe responsiveness ofneonatal cord blood lymphocytes to polyclonal mitogens in vitro has supported the concept that they are functionally deficient compared to adult lymphocytes. For example, pokeweed mitogen (PWM) stimulates the generation of IgM Receivedfor publication 9 August 1990 and in revisedform 24 September 1990.
ing cells (ISC)' from neonatal lymphocytes (4) (5) (6) (7) (8) . However, recent studies have demonstrated that the B cells induced to secrete Ig in response to PWM are largely surface IgD-negative, postswitch memory B cells (9-1 1) . Therefore, the absence of Ig secretion by the neonatal B cells in response to PWM is consistent with the lack ofmemory B cells in cord blood, but does not provide information about the functional capabilities of naive neonatal B cells.
Stimulation of cord blood B cells with Staphylococcus aureus (SA), a polyclonal activator that induces Ig production by both memory and naive B cells (1 1, 12) , and factors secreted by activated adult T cells (TF) induces the secretion of small amounts of IgM (13) . Similarly, Epstein-Barr virus (EBV) transformation also induces neonatal B cells to secrete Ig in vitro, but IgM is the only Ig class produced. These results support the conclusion that some neonatal B cells are functionally competent, but limited to IgM secretion (7, 8, 14) .
In vitro analysis of the functional capabilities of neonatal T cells has also suggested that they are functionally immature. Early studies utilizing PWM as the polyclonal stimulator demonstrated suppression of adult Ig secretion by the neonatal T cells (5, 8, 15, 16) . This suppression was mediated by CD4' T cells rather than CD8' suppressor T cells (17) (18) (19) . A subpopulation of naive CD4' T cells has been identified in adult peripheral blood by its expression of a number of different proteins, including CD45RA, the high molecular weight isoform of CD45 (20) . As with neonatal T cells, stimulation of the CD45RA+ population from adult peripheral blood with PWM fails to induce help for B cells but rather elicits suppression (2 1). The majority ofcord blood T cells express CD45RA, suggesting that these neonatal T cells may be comparable to the CD4+, CD45RA+ suppressor/suppressor-inducer T cells in adult peripheral blood (19, (22) (23) (24) . Irradiation of the neonatal T cells has been shown to abolish suppressive activity, but they still remain deficient in the capacity to provide help (8, 24, 25) .
Recently a new method ofgenerating antibody responses in vitro has been described which is unique in that the majority of adult peripheral blood B cells can be induced to secrete Ig, indicating that naive as well as memory B cell populations are induced to differentiate (26) . In this system, T cells activated by immobilized monoclonal antibody (MAb) to the CD3 molecular complex support the activation and differentiation ofB cells to ISC in the absence ofother polyclonal B cell activators or cell types (27) . Helper activity can be elicited from both CD45RA+ (naive) and CD45RO' (memory) T cell subsets after stimulation with anti-CD3 (28) . The magnitude of adult B cell responses induced by the anti-CD3-stimulated T cells is far greater than that resulting from activation with SA and TF or PWM. T cell contact, but not HLA identity is required for these responses (27) . This model system, therefore, appeared to be an appropriate one to analyze the capacity of neonatal lymphocytes to participate in T cell-B cell collaboration leading to the secretion of antibody. Utilizing this system, the functional capabilities of neonatal T and B cells were delineated.
Methods
Cell preparation. Peripheral blood mononuclear cells (PBMC) were isolated from heparinized venous blood of healthy adult volunteers by centrifugation over sodium diatrizoate/ficoll gradients (Pharmacia, Inc., Piscataway, NJ) as described (29) . Neonatal lymphocytes were collected from the cord blood of healthy newborns at the time ofdelivery and mononuclear cells were obtained as above.
Culture medium. All cultures were carried out in medium RPMI 1640 Gibco Laboratories, Grand Island, NY), supplemented with penicillin G (200 U/ml), gentamicin (10 Ag/ml, Sigma Chemical Co., St.
Louis, MO), L-glutamine (0.3 mg/ml), and 10% fetal bovine serum (FBS) (Microbiological Associates, Walkersville, MD).
Reagents. SA (Pansorbin) was purchased from Calbiochem-Behring Corp., La Jolla, CA, and used at a final concentration of 1:60,000 (vol/vol). PWM (Gibco Laboratories) was used at a final concentration of 10 Mlg/ml. PHA was purchased from Wellcome Reagents, Division of Burroughs Wellcome Co., Research Triangle Park, NC. 4(#-Phorbol 1 2-myristate 13-acetate (PMA) was purchased from Sigma Chemical Co. and was dissolved in ethanol for use in culture. Purified recombinant interleukin 2 (IL-2) was provided by the Cetus Corporation, Emeryville, CA.
MAb. The MAb, 64. 1, is an IgG2a MAb directed at the CD3 molecular complex on mature T cells (30, 31 (32) .
Cell separation. PBMC from adult peripheral blood and cord blood were depleted of monocytes and natural killer (NK) cells by incubation with 5 mM L-leucine methyl ester (Sigma Chemical Co.) in serum-free medium (33, 34) . After washing, B cells were depleted ofT cells by two cycles of rosetting with neuraminidase-treated sheep red blood cells (SRBC) (35) . Adult B cells prepared in this fashion are > 90% CD20 positive, as has been previously established (36) . Cord blood B cells were 70-75% CD20 positive and 75-90% CDl9 positive. Approximately 85-90% of both the cord and adult CD20-positive B cells stained positively for IgD. The B cell preparations contained < 1% CD3-positive cells. Sedimented rosette-forming cells from the first centrifugation were treated with isotonic NH4CI to lyse the SRBC and then passed over a nylon wool column. The resulting cell population contained < 1% esterase-staining cells and > 95% CD3+ T cells (36) . Cord blood T cell populations were also > 95% CD3+ and were > 95% CD45RA+. CD4 enriched populations were obtained after panning to remove CD8+ and HLA-DR+ cells as previously described (37) . Monocyte depletion was demonstrated by the absence of proliferation in response to PHA by the cord and adult T cell populations. T cells were subjected to treatment with mitomycin C (40 ,ug/ml, Sigma Chemical Co.) or 2,000 rad of y irradiation before culture.
Generation ofmitogen-stimulated T cell supernatants (TF). T cells were suspended in medium with 10% FBS at a concentration of5 X 106 cells/ml and incubated with I Ag/ml ofPHA and I ng/ml of PMA for 2 h at 37°C. The cells were then washed and resuspended in fresh culture medium at 5 X 106/ml, 2 ml per 17 X 100-mm round-bottom tube.
After 48 h, the supernatants were harvested, filtered, and stored at -20'C until used (36) . TF was added to the well so that the final concentration was 25% vol/vol. In some cases, T cell supernatants were generated by incubating T cells ( Table I ). The addition of SA and TF to the anti-CD3-stimulated adult lymphocytes did not result in a dramatic increase in the secreted Ig, nor an alteration ofthe isotype of Ig secreted. In the absence ofanti-CD3 stimulation, neonatal lymphocytes secreted Ig only after stimulation with SA and TF and the response was limited to IgM. Anti-CD3 stimulation ofthe neonatal B and T cells did not result in Ig secretion but IgM secretion was induced by the addition of either adult TF or SA to these cultures. The amount of IgM produced in response to SA and TF was markedly augmented by co-stimulation with anti-CD3. The responses of the neonatal lymphocytes varied in that some of the preparations required SA alone and others required SA and adult TF for the maximal response to anti-CD3 stimulation. Even with maximal stimulation, however, only IgM was secreted by day 6.
The addition of large concentrations of IL-2 (50 U/ml) could also augment IgM production by anti-CD3-activated neonatal lymphocytes and in addition, induced the secretion of a modest amount of IgG and IgA (Table II) . Addition of smaller amounts of IL-2 (10 U/ml) had a much more modest effect, supporting a small amount of IgM and IgG secretion in one of five experiments. The amount of Ig secreted in cultures supported by 50 U/ml of IL-2 was significantly less than that produced by anti-CD3-stimulated adult B and T cells with or without supplemental IL-2.
Examination of the kinetics of Ig production in IL-2-supported cultures of neonatal T and B cells demonstrated ongoing production of Ig for up to 20 d (Fig. 1) . Secretion of IgM could be observed as early as the 5th d of culture. Detection of IgG and IgA secretion was delayed compared to IgM. Although the amount of IgA increased throughout the culture period, it represented only a minor portion ofthe Ig produced in contrast to cultures of anti-CD3-stimulated adult B and T cells.
Functional capacity of neonatal T cells. The next experiments examined the functional capacity of neonatal T cells. Anti-CD3 induced DNA synthesis by neonatal T cells that was not significantly different from that exhibited by adult T cells (Fig. 2) . Secretion ofIL-2 by cord T cells in response to stimulation with anti-CD3 was also observed, although the amount of IL-2 produced by the neonatal T cells was somewhat less than that produced by adult T cells (adult T cells 42 U/ml; cord T cells 27.6±3.3 U/ml) (Fig. 3) . The helper function of anti-CD3-stimulated neonatal T cells was investigated initially by examining their ability to support B cell proliferation. As can be seen in Fig. 4 , anti-CD3-stimulated neonatal T cells induced proliferation of neonatal B cells, although less effectively than adult T cells. As can be seen in Table III, The capacity of neonatal T cells to promote ISC generation by adult B cells was also examined (Table IV) The above studies suggested that anti-CD3-stimulated neonatal T cells might be deficient in the capacity to secrete sufficient cytokines to support B cell differentiation. Therefore, the ability of supernatants generated by activated neonatal T cells to support adult B cell Ig secretion was examined (Table VI) supported by adult TF. By contrast, supplementation with IL-2 did not augment Ig production supported by adult TF. These results suggest that there are differences in the amounts or types of cytokines secreted by neonatal and adult T cells. Functional capacity ofneonatalB cells. The ability ofneonatal B cells to respond to anti-CD3-activated adult T cells was also examined. Adult CD4+ cells support ISC generation by the neonatal B cells in the absence of additional co-stimulation (Fig. 5 ). This contrasts with the absence of ISC generation by the neonatal B cells in response to anti-CD3-stimulated neonatal CD4+ cells. However, the magnitude of the response was much less than that induced from adult B cells. The addition of either SA, adult TF, or SA and TF variably enhanced the response, but not to the levels observed with adult B cells. In the absence ofanti-CD3 stimulation, SA and TF induced minimal numbers of ISC (< 20 ISC per 1,000 B cells).
Examination of the Ig isotypes secreted by neonatal B cells in response to the anti-CD3-stimulated adult CD4+ cells at day 6 demonstrated a small amount ofIgG secretion in addition to Adult B cells were incubated with SA and TF generated from adult or cord T cells in response to immobilized anti-CD3 or PHA/PMA. Supernatants were harvested for determination of Ig secretion on day 5. IL-2 was added to the indicated wells at a concentration of 50 U/ml. many mitogens. PWM drives primarily memory B cells and generates minimal Ig producing cells from neonatal B and T cells (4) (5) (6) (7) (8) (9) . EBV and the combination ofSA and adult TF stimulate some Ig secretion, but the response is small and limited to IgM (7, 8, 14) . These latter results have suggested that the capacity of neonatal B cells to produce Ig is deficient. Irradiated neonatal T cells can provide help for PWM-stimulated adult B cells, suggesting that neonatal T cells can serve as helper cells (8) . However, they appear to be considerably less potent in this regard than adult T cells. It is difficult, however, to draw con- Both neonatal and adult CD45RA' T cells suppress adult lymphocyte responses to a variety of stimuli (6, 21, 24, 28) . It seemed unlikely that suppressive influences could account for the limited capacity of neonatal T cells to provide help for B cells. In this regard, irradiation has been shown to prevent suppression of adult lymphocyte responses by PWM-stimulated neonatal T cells (8, 24) . Moreover, suppression caused by anti-CD3-stimulated adult T cells is completely prevented by irradiation or mitomycin C treatment (48) . In addition, the T cell populations were treated with leucine methyl ester to remove NK cells and were depleted of CD8' T cells to minimize suppression. Even after these maneuvers to limit suppression, neonatal T cells supported suboptimal B cell activation. Despite their limitations, it is clear, however, that anti-CD3-stimulated neonatal CD4' cells are capable ofinducing contact-dependent B cell activation in the absence ofother cell types, but do so less well than adult CD4' T cells.
The limited capacity of neonatal T cells to provide help for B cells was more apparent when production ofIg by B cells was examined and especially when the ability to provide help for neonatal B cell differentiation was assessed. This appears to reflect the increased helper cell signals required to promote Ig production by cord B cells. The diminished capacity of neonatal T cells to support Ig production by adult B cells appeared to be quantitative rather than qualitative as IgG and IgA were secreted in addition to IgM, albeit each in lesser amounts than secreted in cultures supported by adult T cells. Addition of adult TF to cultures of anti-CD3-activated cord T cells and adult B cells augmented ISC generation and the secretion ofall Ig isotypes, suggesting that cytokine production by the neonatal T cells was limiting. Comparison of the ability of TF obtained from neonatal and adult T cells to support adult B cell Ig secretion confirmed the conclusion that deficient cytokine production by the neonatal T cells contributed to the submaximal support of B cell differentiation.
Previous reports indicate that CD45RA' adult T cells and cord T cells secrete IL-2 in response to a variety of stimuli (49) (50) (51) . In the current studies, stimulation of neonatal T cells with immobilized anti-CD3 resulted in the production ofIL-2, although the amount produced was slightly less than that produced by the adult T cells. Even though the cord T cell supernatants contained IL-2, they were markedly limited in the capacity to support Ig secretion by SA-stimulated adult B cells. Analysis of the cord T cell supernatants indicated that they were not suppressive and that the addition of IL-2 enhanced the responses of SA-stimulated adult B 
